Background: Homeostatic regulation of epithelia influences disease acquisition and aging. Results: Prosecretory mitogen lacritin stimulates FOXO3-ATG101 and FOXO1-ATG7 autophagic coupling and restores metabolic homeostasis. Conclusion: Lacritin is a homeostatic regulator. Significance: Exogenous lacritin restores prohomeostatic activity to tears from dry eye individuals.
Homeostasis is essential for cell survival. However, homeostatic regulation of surface epithelia is poorly understood. The eye surface, lacking the cornified barrier of skin, provides an excellent model. Tears cover the surface of the eye and are deficient in dry eye, the most common eye disease affecting at least 5% of the world's population. Only a tiny fraction of the tear proteome appears to be affected, including lacritin, an epithelium-selective mitogen that promotes basal tearing when topically applied to rabbit eyes. Here we show that homeostasis of cultured corneal epithelia is entirely lacritin-dependent and elucidate the mechanism as a rapid autophagic flux to promptly restore cellular metabolism and mitochondrial fusion in keeping with the short residence time of lacritin on the eye. Accelerated flux appears to be derived from lacritin-stimulated acetylation of FOXO3 as a novel ligand for ATG101 and coupling of stress-acetylated FOXO1 with ATG7 (which remains uncoupled without lacritin) and be sufficient to selectively divert huntingtin mutant Htt103Q aggregates largely without affecting nonaggregated Htt25Q. This is in keeping with stress as a prerequisite for lacritin-stimulated autophagy. Lacritin targets the cell surface proteoglycan syndecan-1 via its C-terminal amino acids Leu 108 -Leu 109 -Phe 112 and is also available in saliva, plasma, and lung lavage. Thus, lacritin may promote epithelial homeostasis widely.
Homeostasis is an essential and dynamic property of all unicellular and multicellular organisms (1) with overlapping positive and negative feedback loops (2) that sense and continually adjust to environmental and intrinsic changes. Inadequate control can trigger developmental abnormalities, disease, or death (3) . How homeostasis is controlled is an investigative area with wide biological significance.
Macroautophagy (hereafter referred to as autophagy) contributes to the regulation of homeostasis. Autophagy is a stimulatable self-catabolic pathway that constitutively clears damaged proteins and organelles (2) and displays cross-talk with the proteasome (4) together in a manner thought to involve the FOXO 2 family members FOXO1 and FOXO3. FOXO1 becomes acetylated in stress. Acetylated FOXO1 captures ATG7 to trigger autophagy (5) . FOXO3 augments transcription of autophagic mediators ULK1, AMP-activated protein kinase, and MAPLC3B (LC3) to enhance autophagic responsiveness of metabolically stressed hemopoietic stems cells (6) , although FOXO3 is better known as a transcription factor for cell death (7) . How FOXO1 and FOXO3 precisely modulate autophagy to regulate homeostasis is not clear. Harnessing such mechanisms may have wide benefit in neurodegenerative, tumorigenic, autoimmune, and infectious diseases (8) .
Stress is sudden and varied on surface epithelia, particularly on the eye where the cornified barrier protecting skin is replaced by tears, the ϳ3-m-thick fluid comprising metabolites (9) , lipids (10) , and in a recent estimate over 1500 different proteins (11) . Homeostatic dysregulation of the surface of the eye in "dry eye," a tear insufficiency syndrome(s) and the most common eye disease (12) , offers some potential etiological clues because surprisingly few tear proteins show any disease-associated change. The only known growth factor-like molecule affected is lacritin (13) (14) (15) (16) , a ϳ25-kDa prosecretory mitogen (17) also detected in saliva (18) , plasma (19) , and lung lavage (Human Proteinpedia HuPA_00022). Lacritin displays partial homology with dermcidin (20) . The Y-P30 peptide of dermcidin promotes neuronal survival by a mechanism involving the heparan sulfate-dependent nucleation of syndecan-2 or -3 with pleiotrophin, a neuritogenic cytokine (21) .
We now report that low nanomolar lacritin restores homeostasis to corneal epithelial cells stressed with the inflammatory cytokines interferon-␥ (IFNG) and tumor necrosis factor (TNF), both sources of stress in dry eye. Lacritin appears to do so by promoting rapid FOXO3 acetylation and coupling of FOXO3 with ATG101. ATG101 is an autophagic mediator known to bind and stabilize the ATG13-ULK1 complex responsible for initiating autophagy (22, 23) . Furthermore, lacritin treatment is a prerequisite for stress-acetylated FOXO1-ATG7 coupling. Lacritin targets cells via its C-terminal hydrophobic Leu 108 -Leu 109 -Phe 112 domain, which is known to bind GAGAL in the N terminus of syndecan-1 (24) through a heparanase off-on switch (25) . Tears immunodepleted of lacritin or dry eye tears fail to restore homeostasis. However, spiking lacritin into dry eye tears restored homeostasis. Thus, lacritin is a prosurvival factor, potentially available to many epithelia, that stimulates autophagy to restore homeostasis and may serve as a master protector of the eye.
EXPERIMENTAL PROCEDURES
Cell Culture, Constructs, and Antibodies-Human corneal epithelial (HCE-T) cells were purchased from the RIKEN BioResource Center (Tsukuba-shi, Japan) and used between passages 3 and 15. HCE-T cells were cultured and maintained in DMEM/F-12 containing 4 mg/ml insulin, 100 g/ml EGF, 500 g/ml cholera toxin, and 5 l/ml DMSO. Primary human corneal epithelial cells (PCS-700-010) were purchased from ATCC (Manassas, VA) and expanded in the suggested medium.
N-terminal deletions of 45, 65, and 71 amino acids and point mutants V69S, I73S, I98S, F104S, L108S, L109S, F112S, I68S/ I73S, V91S/L109S, and L108S/L109S/F112S were developed from pLAC (26) using the primers indicated in supplemental Table 1 . All constructs were confirmed by DNA sequencing. Lacritin and deletion or point mutants, including deletion mutant "C-25" (26), were generated in Escherichia coli and purified as described previously (26) with additional purification over DEAE in PBS in which lacritin is collected in the flow-through. Purified lacritin was filter-sterilized and stored lyophilized.
Polyclonal N and C terminus-specific anti-lacritin antibodies were respectively generated in New Zealand White rabbits against keyhole limpet hemocyanin-conjugated EDASSDST-GADPAQEAGTS ("Pep Lac N-Term") as "anti-Pep Lac N-term" (27) and against lacritin deletion mutant N-65 as "anti-N-65 Lac C-term" (Bio-Synthesis Inc., Lewisville, TX) and characterized. Monoclonal N terminus-specific anti-lacritin antibodies were generated (University of Virginia Lymphocyte Culture Center) in mice against keyhole limpet hemocyaninconjugated DPAQEAGTSKPNEEIS and screened through three rounds of cloning against the lacritin deletion mutant C-59 as 1F5-C9-F4 ("1F5"; IgG1).
Subcloning and shRNAs-HCE-T cells were transduced in Opti-MEM (Invitrogen) followed by puromycin or hygromycin selection in DMEM/F-12. Transduction was carried out with lentiviral particles encoding shRNAs directed to ATG7, FOXO3, and ATG101 or with empty vector or non-targeting control (Dharmacon, Waltham, MA), and transduced cells were stably selected.
For autophagy flux studies, HCE-T cells were transduced in Opti-MEM with retroviral particles encoding pBABE-puro mCherry-EGFP-LC3B and stably selected as "LC3/RG" cells. pBABE-puro mCherry-EGFP-LC3B was purchased from Addgene (plasmid 22418; originally developed in pDest (28) ). Other LC3/RG cells were transiently transduced with pBABE-hygro Htt25Q-mCFP or pBABE-hygro Htt103Q-mCFP particles. pcDNA Htt25Q-mCFP and Htt103Q-mCFP (29) were kindly provided by Ai Yamamoto (Columbia University) and subcloned into pBABE-hygro (Addgene plasmid 1765). Recombinant retroviral particles were generated using the Platinum Retrovirus Expression System, Pantropic (Cell Biolabs, San Diego, CA).
Tears and Viability Analyses-Tears were collected from 0.5% proparacaine-anesthetized eyes from a total of 48 normal or dry eye individuals (supplemental Table 2 ) by insertion of a filter wicking "Schirmer" strip with millimeter gradations between the lid and eye and individually stored at Ϫ70°C. Human procedures and patient consent were approved by the University of Western Ontario and University of Virginia Institutional Review Boards. Prior to elution, the total normal or dry eye tear volume was estimated from millimeters of tears drawn into each strip. This defined the final volume of PBS respectively used for elution. Pooled normal or pooled dry eye tears were stored at Ϫ70°C until use.
For FOXO3 translocation assays, HCE-T cells were grown in triplicate to subconfluence (ϳ50%) on coverslips in ␣-MEM (5.54 mM glucose), sensitized overnight in IFNG (100 units/ml; Roche Applied Science), and treated for 15 min with normal or dry eye tears diluted 1:100 in ␣-MEM together with TNF (50 ng/ml; PeproTech, Rocky Hill, NJ) without or with 10 nM lacritin or C-25. Cells were washed, fixed with 4% paraformaldehyde, and immunostained for FOXO3 (1:200; Millipore, Billerica, MA) followed by goat anti-rabbit secondary antibody and visualization on a Zeiss LSM 700 microscope.
Some experiments were performed with normal tears that had been immunodepleted of lacritin. For immunodepletion, rabbit anti-Pep Lac N-term and anti-N-65 Lac C-term were jointly immobilized on protein A beads and washed. A rabbit preimmune column was similarly prepared for mock-depleted tears. The flow-through from overnight incubation of each with normal tears was collected and assayed in triplicate on IFNGsensitized cells with TNF as described above. For validation, the acid eluant from each column was separated by SDS-PAGE, transferred to nitrocellulose, and blotted for lacritin using mouse anti-lacritin antibody 1F5 and a mouse-specific, perox-idase-labeled secondary antibody followed by chemiluminescence detection.
Viability was monitored using the 3-(4,5-dimethyl-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) reduction assay (Invitrogen) or a Nucleocounter (New Brunswick Scientific, Edison, NJ). Cells were seeded overnight in 24-well plates at a density of 500 cells/mm 2 to give rise to ϳ80% confluence the next day. Then cells were sensitized overnight in IFNG (100 units/ml) in ␣-MEM and treated in triplicate for 15 min with 10 nM lacritin or lacritin deletion or point mutants or with different lacritin doses in ␣-MEM together with TNF as described above.
Inclusion of inhibitors was simultaneous with the addition of lacritin or C-25 in all viability and other experiments except where otherwise noted. Inhibitors included PI103 (0.5 M; EMD, Darmstadt, Germany), rapamycin (10 and 100 nM; EMD), and cyclosporin A (0.1 M; EMD). One exception was 4-methylumbelliferyl-␤-D-xylopyranoside ("xyloside"; 70 and 80 nM; Sigma), which was added during IFNG sensitization and during treatment with TNF and lacritin. The assay was completed by addition of MTT (5 mg/ml) to each well (at 37°C for 4 h) followed by isopropanol with 0.04 N HCl and measurement at 570 nm using a reference wavelength of 630 nm. Viability was assayed in a Nucleocounter (New Brunswick Scientific).
LC3 Blotting and Autophagic Flux-IFNG/TNF-stressed cells in 24-well plates treated exactly as above without or with lacritin or C-25 for different times and with or without inhibitors were extracted with radioimmune precipitation assay buffer (Millipore) containing 1% SDS and protease inhibitors. Lysates were separated by 12% SDS-PAGE, transferred to nitrocellulose, and blotted for LC3B (MBL International, Woburn, MA). IFNG/TNF-or IFNG/TNF plus lacritin-induced autophagic flux was analyzed by inclusion of leupeptin (0.1 and 1 M; EMD), vinblastine (0.05 and 0.5 M; EMD), and wortmannin (0.1 and 1 M; EMD).
To visually monitor autophagic flux, LC3/RG (pBABE-puro mCherry-EGFP-LC3B) cells were grown in triplicate on coverslips and stressed as above with IFNG/TNF with 10 nM lacritin or C-25 without or with vinblastine (0.05 M). Cells were monitored over time for EGFP and mCherry spectra using a Zeiss LSM 700 confocal microscope. Protein aggregation in LC3/RG/ Htt25Q or /Htt103Q cells was monitored by jointly following the mCFP spectrum. For analysis of apoptosis, radioimmune precipitation assay (1% SDS) lysates of IFNG/TNF-stressed cells without or with lacritin (as described above) or cells that were not stressed were blotted for caspase 9 or 3 (both from Cell Signaling Technology).
Immunoprecipitation and Blotting-Radioimmune precipitation assay (1% SDS) lysates from cells stressed as described above in the absence or presence of lacritin or C-25 for different times and at different doses were subjected to FOXO1 or FOXO3 immunoprecipitation and then blotted for acetyl-lysine (Abcam, Cambridge, MA) or ATG7 (MBL International). FOXO3 immunoprecipitates were also blotted for ATG3, ATG4B, ATG12, ATG101, LC3B, p62 (MBL International), or ubiquitin (Bethyl Laboratories, Montgomery, TX). LC3 immunoprecipitates were similarly collected and blotted for p62 (MBL International), Alfy, and ubiquitin (Bethyl Laboratories).
Metabolic Analyses-Cells plated (10.9 cells/mm 2 ) in replicates of 10 in wells of Seahorse 24-well plates (Seahorse Bioscience, North Billerica, MA) were stressed with IFNG as above, treated with lacritin or C-25 (10 nM) with TNF, and then immediately monitored in an XF24 Analyzer (Seahorse). The oxygen consumption rate was measured without or after sequential addition of oligomycin (500 nM), carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP; 375 nM), rotenone (1 M), and antimycin (750 nM) after washing. After treatment with each inhibitor, cells were mixed, rested, and then read three times. Inhibitors were purchased from Seahorse as part of the XF Cell Mito Stress kit.
Mitochondrial dynamics were monitored after MitoTracker Red FM (Invitrogen) staining. Briefly, live IFNG-sensitized normal or shATG7 knockdown cells on coverslips were stained for 30 min with 50 nM MitoTracker Red FM in Dulbecco's PBS, rinsed two times with Dulbecco's PBS, and reimmersed in ␣-MEM to which TNF was added in the presence of lacritin or C-25 (10 nM). Live mitochondria were then monitored at 20-s intervals for 30 min on a PerkinElmer UltraVIEW VoX spinning disc confocal microscope with a seven-slice Z-stack. Fission frequency was estimated from the ComponentCount feature of Mytoe. The number of individual pieces of the mitochondrial skeleton was counted at each frame, and from this, the number of fission or fusion events per second was determined where an increase in number indicated a fission event and a decrease indicated a fusion event.
For metabolomic analysis, cells stressed as above were treated in replicates of six with TNF and lacritin or C-25 (10 nM) or without lacritin or C-25 ("untreated") for 10 min at ϳ10 6 cells/sample, then gently scraped, spun, and washed in PBS, and the pellet was snap frozen. Metabolite analysis was performed in an unbiased manner by Metabolon (Durham, NC) using liquid and gas chromatography coupled to mass spectrometry. Instrument (internal standards) and total process (endogenous biochemicals) variability was 4 and 11%, respectively. 135 metabolites were identified.
Statistical Analyses-All experiments (with the exception of the single metabolomic analysis) were performed at least three times. Prior to statistical analysis, raw metabolite data values were log-transformed to make their highly skewed data distribution closer to a Gaussian distribution for satisfying statistical analysis assumptions. Statistical significance of differentially activated metabolites was assessed both by two-sample t test and non-parametric Wilcoxon test of the log-transformed normalized data. Metabolites with both tests were then conservatively considered statistically significant (p Ͻ 0.05) and further analyzed by a hierarchical clustering method. All other data were analyzed by one-way analysis of variance (ANOVA) with Dunnett's post-test or where appropriate by two-way ANOVA or by the paired two-tailed t test. Data are reported as the mean Ϯ S.E.
RESULTS
Tears and Lacritin Restore Homeostasis-To gain insight into epithelial homeostasis, we asked whether tears from normal individuals are cytoprotective (Fig. 1A) , whether cytoprotection is absent in dry eye tears (Fig. 1B) , and whether the two can be manipulated to identify the activity. Basal tears (supplemental Table 2 ) from normal individuals (Fig. 1C) and from those diagnosed with dry eye (Fig. 1D) were incubated with HCE-T cells stressed with the inflammatory cytokines IFNG and TNF, much like their in vivo dry eye counterparts (30) . Nuclear-cytoplasmic translocation of the corneal transcription factor FOXO3 (7) served as a simple readout for cellular stress with cytoplasmic FOXO3 indicative of restored homeostasis. Nuclear FOXO3 largely transcribes for cell stress or death (7) . In stressed cells treated with normal tears, FOXO3 translocated to the cytoplasm (Fig. 1E ). However, with dry eye tears, FOXO3 remained nuclear (Fig. 1H) . Thus, normal, but not dry eye, tears are capable of restoring homeostasis.
We explored a role for lacritin ( Fig. 1K ) because it is the only growth factor reported to be selectively down-regulated in dry eye tears (13, 14, 16) . Stressed HCE-T cells were incubated with increasing amounts of recombinant lacritin (Fig. 1L , left panel). Viability was monitored using the MTT reduction assay. The HCE-T cell response to lacritin was bell-shaped with an optimum survival dose of 10 nM (Fig. 1L , left panel) that returned cells to the viability of their unstressed counterparts. In contrast, lacritin truncation mutant C-25, which lacks 25 amino acids from the C terminus, was inactive (Fig. 1L , right panel) in keeping with the absence of the C-terminal syndecan-1 binding domain (Fig. 1K , green box) necessary for cell targeting and lacritin signaling (25, 26) .
We next immunodepleted lacritin from normal tears with immobilized rabbit anti-N and -C-terminal lacritin antibodies, although normal tears have other growth factors that might compensate. Also dry eye tears were spiked with lacritin. Dry eye tears are both hyperosmolar and inflammatory cytokinerich (31) . In cells treated with mock-depleted tears, FOXO3 was translocated to the cytoplasm (Fig. 1G ), whereas FOXO3 remained nuclear in cells treated with lacritin-depleted tears (Fig. 1F) . In cells treated with dry eye tears spiked with lacritin ( Fig. 1I ), but not those spiked with C-25 ( Fig. 1J) , FOXO3 was translocated to the cytoplasm. Lacritin (Fig. 1M) , but not C-25 ( Fig. 1N) , treatment also resulted in translocation of FOXO3 in IFNG/TNF-stressed primary human corneal epithelial cells (Fig. 1, M and N) . Thus, lacritin in normal tears appears to be responsible for restoring homeostasis.
Lacritin C-terminal Prohomeostatic Domain-To define the lacritin domain necessary for regulation of homeostasis, truncation and point mutants were generated. Inactivity of the C-25 truncation mutant (Fig. 1, L and N) defined a cytoprotective domain in the C terminus of lacritin (Fig. 1K ) that was previously shown to be ␣-helical and likely amphipathic ( Fig. 2A ) (26) and accordingly ordered (Fig. 2B) .
The hydrophobic face of amphipathic ␣-helices can mediate high affinity agonist-receptor or -co-receptor interactions (32) . To assay this possibility, hydrophobic residues were singly, doubly, or triply mutated (Fig. 2C, red ovals) . Truncations and the C terminus ("I3") of the lacritin-c splice variant (33, 34) (Fig.  2C) with a sequence completely different from wild type were generated.
Hydrophobic face mutants I98S, F104S, L108S/L109S/ F112S, and F112S were significantly less active (Fig. 2D, left  panel) . Activity was unaffected by mutations L65S, I68S/I78S, V69S, and I73S in an adjacent ␣-helix (Fig. 2D, left panel) . Deleting 45, 65, or 71 N-terminal amino acids had no effect, and I3 was inactive (Fig. 2D, right panel) . , and Phe 112 interact with the syndecan-1 core protein sequence GAGAL (24) . Syndecan-1 is a cell surface heparan sulfate proteoglycan that mediates lacritin targeting of cells but only after heparanase (25) has exposed GAGAL nestled among heparan sulfate chains (24) . Heparanase also generates heparan sulfate stubs that appear to be required for lacritin binding, suggesting a hybrid GAGAL/heparan sulfate binding site (24) .
To assess the role of this interaction in restoration of homeostasis, we cultured cells overnight in xyloside to competitively suppress heparan and chondroitin sulfate assembly (35) (Fig.  2E, left diagram) . We also attempted to deplete cells of syndecan-1 using shRNAs. Xyloside completely abrogated lacritin cytoprotective activity (Fig. 2E, left panel) . However, syndecan-1 was resistant to knockdown with three individual or pooled syndecan-1 shRNAs (supplemental Fig. 1 ) unlike syndecan-1 siRNAs in human salivary gland/HeLa cells (25) .
Xyloside can promote growth arrest and apparently lessen viability by reducing the synthesis of hyaluronan by UDPglucuronyltransferase-dependent glucuronidation of xyloside to diminish available UDP-glucuronic acid (36) . To determine whether the same may be true of xyloside on HCE-T cells, we considered the expression of UDP-glucuronyltransferase (UGT) genes. No human corneal UGT expressed sequence tags are apparent in NEIBank. Nonetheless, we attempted to amplify UGT1A6 transcripts from HCE-T cells by RT-PCR. No amplicons were detected (supplemental Fig. 1 ) in keeping with only a slight negative effect of xyloside on cell viability (Fig. 2E, right  panel) . Taken together, the capacity of tears to restore homeostasis is dependent on lacritin and specifically on a region in its C terminus that includes the syndecan-1 binding domain.
Lacritin Stimulates Rapid Autophagy-To elucidate how lacritin promotes homeostasis, we blotted for caspases 9 and 3 and observed some apoptotic cleavage coincident with IFNG/TNF stress (Fig. 3A) . Thirty minutes of lacritin treatment had no effect on caspase cleavage but did substantially diminish the quantity of blottable macroautophagic marker LC3-II, which had also increased with stress (Fig. 3A) . Decreased LC3-II is commonly indicative of macroautophagic inhibition (37) but conceptually might represent the opposite because blockers to force the accumulation of "autophagosomes" were not included.
Autophagy is a self-catabolic process (Fig. 3B) by which LC3-II-decorated "isolation membranes" and autophagosomes (Fig.  3B, left) , respectively, envelop and enclose stress-damaged proteins and organelles (Fig. 3B, middle) . Subsequent fusion with endosomes or lysosomes ("autolysosome"; Fig. 3B, right) initiates degradation (2), thereby helping to alleviate stress.
To first determine whether IFNG/TNF stimulates autophagic flux, blocking agents were introduced. Inhibition of autolysosomal content degradation or autophagosome-lysosome fusion by respective treatment of stressed cells with leupeptin (Fig. 3, C and D, top) or vinblastine (Fig. 3, C and D, middle) caused LC3-II to accumulate over 6 h in keeping with increased autophagic flux. In contrast, class 1 and 3 phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) inhibitor wortmannin blocked the initiation of autophagy and the appearance of LC3-II (Fig. 3, C and D, bottom) .
We compared flux 30 min after lacritin treatment in stressed cells without or with leupeptin. In the presence of leupeptin, LC3-II accumulated (Fig. 3 , E, bottom, and F) at a level equivalent to 6 h without lacritin (Fig. 3, compare F with D) . Similar results were obtained with bafilomycin as early as 10 min (not shown), suggesting that lacritin accelerates autophagic flux.
Because the sensitivity of LC3-II blotting is not optimal for monitoring autophagosomal accumulation over short times, we stably transduced HCE-T cells with LC3 double tagged with mCherry and EGFP (LC3/RG (28); Fig. 3B, bottom left and top  right) . Quenching of the EGFP signal in acidic lysosomal compartments distinguishes LC3 in isolation membranes and autophagosomes from LC3 in autolysosomes.
Cells were stressed with IFNG and TNF in the presence of lacritin or C-25 as above. Both tags were equally represented in C-25-treated cells (Fig. 3, H and J) . However, in lacritin-treated cells, mCherry dominated as early as 10 min. Thereafter, it progressively decreased as proportionally did EGFP (Fig. 3 , G and K). When lysosomal fusion was blocked by vinblastine, EGFP puncta accumulated (Fig. 3, I , L, and M). Together, these data suggest that lacritin rapidly accelerates autophagic flux coincident with the loss of detectable LC3-II with LC3-II degradation apparently exceeding biosynthesis.
Lacritin-stimulated Autophagy Is Necessary for Homeostasis and Is mTOR-independent-Lacritin triggers mitogenic phospholipase C/Ca 2ϩ /calcineurin/NFATC1 and phospholipase C/phospholipase D/mTOR signaling in human salivary gland/ HeLa cells (26) . Activation of mTOR inhibits autophagy (38) . We therefore monitored mTOR activity in HCE-T cells (Fig. 4,  A and B) by blotting for phosphorylated ribosomal protein S6 kinase (RPS6KB1 or "S6K"), which in turn promotes cell proliferation and protein synthesis. With or without stress, mTOR was constitutively active and statistically similar in the absence or presence of lacritin (Fig. 4, A and B) , although IFNG and TNF suppress S6K phosphorylation in insulin-like growth factor 1-stimulated C2C12 mouse myoblast cells (39) .
Lacritin-dependent rescue of stressed HCE-T cells was not enhanced by inclusion of rapamycin or class 1 PI3K inhibitor PI103 (Fig. 4C) . Other mediators of lacritin mitogenic signaling include Ca 2ϩ , downstream calcineurin, and NFATC1. Increased intracellular Ca 2ϩ stimulates autophagy (40) . We therefore challenged stressed cells with the calcineurin inhibitor cyclosporin A in the presence of lacritin. Cyclosporin A was completely inhibitory (Fig. 4C) . A constitutively active calcineurin splice variant blocks FOXO activation in muscle (41) . Lacritin also inactivates FOXO3 by forcing it into the cytoplasm (Fig. 1, I and M) .
Is lacritin-stimulated autophagy necessary for homeostasis? We targeted ATG7 mRNA for degradation by shRNA (Fig. 4D) . ATG7 is a ubiquitin-like E1 activating enzyme that is essential for autophagy as part of the LC3 lipidation system (42) . HCE-T cells were stably transduced with one of three different ATG7 shRNAs or with an empty vector control ("shCtrl"). ATG7 became depleted (Fig. 4E) , and lacritin-dependent survival (Fig.  4D ) and FOXO3 translocation (Fig. 4F) were abrogated or diminished.
For accelerated autophagic flux to promote homeostasis, it must be transient because excessive autophagy appears to be coincident with death (2). We scrutinized endogenous LC3-II more precisely in time and with different lacritin doses, all without autophagy blockers. Within 1 min of lacritin treatment, LC3-II was poorly detectable (Fig. 4G, upper panel, and H) , but by 24 h, LC3-II was equivalent to the C-25 negative control (Fig.  4I, lower panel, and J) . The lacritin response is biphasic with a dose optimum of 10 nM (Fig. 4I, upper panel, and J) , thus mirroring the viability response (Fig. 1L, left panel) . In contrast, C-25 was ineffective at all times and doses (Fig. 4G , lower half; H; I, lower panel; and J). Taken together, lacritin-stimulated restoration of homeostasis is dependent on autophagy in an mTOR-independent manner that is rapid and transient.
Lacritin-stimulated Autophagy Diverts Htt103Q-mCFPGrowth factor-accelerated autophagy is unusual. Yamamoto et al. (43) observed insulin-like growth factor 1-stimulated autophagic clearance of aggregated mutant huntingtin Gln 65 and Gln 103 proteins (Htt65 and Htt103Q, respectively) over 3 days in normal HEK293 cells. Transient and rapid autophagy might capture IFNG/TNF-damaged proteins at a level sufficient to rescue cell viability.
To examine capture directly, we transiently overexpressed huntingtin mutant Htt103Q-mCFP or Htt25Q-mCFP (Fig. 5 ) in LC3/RG cells and monitored autophagy without IFNG/TNF. Whereas colocalization of the mCherry tag with toxic Htt103Q-mCFP steadily rose with C-25 (Fig. 5, B and F) , lacritin triggered a peak of enhanced colocalization at 30 min (Fig. 5,  B and E) , suggesting transiently accelerated capture of Htt103Q in autolysosomes. The number of mCherry-and mCFP-labeled puncta also peaked at 30 min but not with C-25 (Fig. 5, C and D) for which the number of puncta declined at 60 min. Autophagic flux was unchanged in Htt25Q cells despite the presence of lacritin (Fig. 5, B, C, G, and H) , suggesting that stress is a prerequisite for lacritin-stimulated autophagy.
To determine how lacritin-triggered capture might be mediated, we considered the involvement of Alfy (WDFY3) and p62 (SQSTM1). Alfy shuttles from the nuclear membrane to target phosphatidylinositol 3-kinase-generated phosphatidylinositol 3,4,5-trisphosphate in isolation membranes and binds aggregated proteins (29) . p62 is an efficient ubiquitin-binding protein (44, 47) . Both interact with LC3 and thus play an important role recruiting aggregated and polyubiquitinated proteins and organelles to isolation membranes for autophagic degradation (28, 29) . We monitored LC3-Alfy and LC3-p62 coupling soon after lacritin or C-25 treatment. None was detected at time 0; however, within 1 min of lacritin addition, both Alfy and p62 bound LC3 (Fig. 6A) . Binding was maximal by 1 or 5 min, thereafter subsiding (Fig. 6, A, C, and D) , and coincided in part with stimulated LC3 capture of polyubiquitinated proteins (Fig. 6 , A, upper bracket, and E). Capture was first apparent at 5 min and continued to 15 min (Fig. 6, A and E, lower) . In contrast, C-25 had no stimulatory effect (Fig. 6 , B and C-E). Free polyubiquitin chains of apparently three to nine units (21-63 kDa, respectively; Fig. 6A , lower bracket) also seemed to slightly increase with lacritin, although many were already transiting into autophagosomes (Fig. 6A ) and were detected in C-25-treated cells (Fig. 6B, lower) . Unanchored chains may be a consequence of TNF signaling to the ubiquitin ligase TRAF6 (45) because TRAF6 together with UBC13 (ubiquitin-conjugating enzyme E2N (UBE2N)) and UEV1A (ubiquitin-conjugating enzyme E2 variant 1 (UBE2V1)) catalyze polyubiquitination on Lys 63 (46) . Thus, stress is a prerequisite for lacritin-stimulated autophagy that effectively captures aggregated and ubiquitinated proteins for degradation using Alfy and p62.
Autophagy and Metabolism-Autophagy appears to be upstream of the tricarboxylic acid cycle and oxidative phosphorylation (48, 49) . Does lacritin-stimulated autophagy influence cellular metabolism? We compared the basal oxygen consumption rates of stressed cells treated with lacritin or C-25 and then dissected the source of oxygen consumption by sequential treatment with oligomycin and FCCP followed by rotenone and antimycin A (49) . Oligomycin blocks oxidative phosphorylation by inhibiting ATP synthase. FCCP transports protons across the inner mitochondrial membrane to stimulate electron transport and enhance oxidative phosphorylation. Rotenone and antimycin A shut down oxygen consumption by blocking electron transport. Within 8 min of lacritin treatment, basal oxygen consumption had increased (Fig. 7, A and B) . ATPlinked oxygen consumption, the maximal respiratory rate, and "spare respiratory capacity" were also increased (Fig. 7B) .
Spare respiratory capacity is the difference between basal and maximal oxygen consumption. Greater spare respiratory capacity reduces sensitivity to stress. Spare respiratory capacity can be acquired over several days of mitochondrial biogenesis (50) or by mitochondrial fusion (51) . We therefore monitored mitochondrial fusion in stressed cells that had taken up MitoTracker Red and observed more fusion events per second in lacritin-treated cells than in those receiving C-25 (Fig. 7, C and  D) . This effect was abrogated by ATG7 shRNA depletion (Fig.  7C) , suggesting that accelerated autophagy was upstream of enhanced spare respiratory capacity and mitochondrial fusion.
FOXO3 and autophagy are important regulators of cellular metabolism (37) . We performed an unbiased metabolomic study of stressed HCE-T cells that followed 135 metabolites. Ten minutes of lacritin treatment significantly altered the levels of 29 metabolites (Fig. 7E ) in ways suggesting augmented oxidative phosphorylation (decreased glutamate and glutamine (52) ) and decreased protein aggregation (decreased kynurenine (53)). Enhanced acetylation could be implied by partial exhaustion of 1-methylnicotinamide (54), coenzyme A as acetyl-CoA (55), and precursor pantothenate and by the apparent utilization of spermine and spermidine.
FOXO1, FOXO3, and Acetylation-Acetylation can serve as an autophagy switch. Hypoacetylation of histone H3 by exogenous spermidine transcriptionally promotes autophagy (56) . Recently, cytoplasmic FOXO1 was reported to become acetylated with stress and as a consequence to ligate ATG7 and stimulate autophagy (5). We detected stress-associated acetylation of FOXO1 (Fig. 8, A and B) but unexpectedly no bound ATG7 (Fig. 8, A and B) . Bound ATG7 was detected only after cells were treated with lacritin (Fig. 8, C-F) . The interaction was maximal 5-15 min after lacritin treatment. However, only 1 min was sufficient to diminish the quantity of detectable LC3-II (Fig. 4 , G and H), suggesting that FOXO1-ATG7 coupling was not the primary initiator of lacritin-accelerated autophagy.
We therefore explored the possibility that FOXO3 acetylation might be involved. Hyperacetylation of FOXO3 was detected 1 min after lacritin addition (Fig. 8, G and H) , and FOXO3 remained acetylated for at least 15 min. By 60 min, it was largely absent (Fig. 8, G and H) . A lower level of stressassociated acetylation (57) was apparent in C-25-treated cells. No binding was observed to ATG7 (Fig. 8, G and H) , ATG3, ATG4B, or ATG12 (not shown).
The autophagy proteomic network provided evidence for an interaction with ATG101 (C12orf44) (58) , and indeed FOXO3 affinity precipitates contained ATG101 within 1 min of lacritin treatment (Fig. 8, I-K) . No interaction was observed in C-25-treated cells (Fig. 8, J and K) . ATG101 coupling of ATG13 stabilizes the ULK1-ATG13 complex (Fig. 9A) (22, 23) necessary for the initiation of autophagy. Knockdown of ATG101 abrogates autophagy (22, 23) .
To determine whether ATG101 was essential for lacritinstimulated autophagy, HCE-T cells were stably transduced with individual or pooled ATG101 shRNAs (Fig. 9B) . Empty vector cells (shCtrl) or C-25-treated cells served as controls. Diminishment of LC3-II with lacritin was completely hindered by pooled shATG101s (Fig. 9, C and D) , suggesting that lacritinstimulated autophagy was interrupted. Cells were next stably transduced with each of three different FOXO3 shRNAs or with empty vector (Fig. 9E) . Each shFOXO3 was effective, and lacritin restoration of homeostasis was abrogated (Fig. 9F) . If FOXO3 is an important mediator, then dominant negative FOXO3 (FOXO3Nt) should stimulate homeostasis in the absence of lacritin. FOXO3Nt interferes with the capacity of endogenous FOXO3 to bind DNA and initiate transcription for cell stress or death (59), thus likely making more cytoplasmic FOXO3 available. We transduced cells with FOXO3Nt and then stressed them with IFNG/TNF. Like lacritin, FOXO3Nt restored homeostasis (Fig. 9F) .
DISCUSSION
How homeostasis is regulated in stress is a key question in biology. We report a new process in which the prosecretory mitogen lacritin rapidly restores homeostasis to stressed epithelia through an immediate and novel acceleration of autophagy that diverts aggregated proteins for degradation and quickly promotes oxidative phosphorylation. Accelerated flux appears to be initiated by lacritin-stimulated acetylation of FOXO3 as a novel ATG101 ligand and involves kinetically slower lacritin-dependent coupling of stress-acetylated FOXO1 with ATG7.
That lacritin-depleted tears were not partially compensated by other tear factors was unexpected. Tears contain EGF, glial cell-derived neurotrophic factor, hepatocyte growth factor, mucin 4 (cell surface-associated), neurotrophin 3, neurotrophin 5 (60) , and transforming growth factor ␤1 (61) as well as numerous chemokines, proteases, protease inhibitors, Igs, lipids, carrier proteins, and adhesion factors (60) . Several of these tear factors have demonstrated corneal epithelial mitogenic activity and in some cases promote corneal angiogenesis (60) . However, only glial cell-derived neurotrophic factor overexpression (62) and exogenous hepatocyte growth factor (63) are known to support the survival of stressed corneal epithelial cells. Levels of each may be low. Glial cell-derived neurotrophic factor is a product of both the cornea and lacrimal gland (NEIBank), but no hepatocyte growth factor transcripts are detected in either tissue or in the conjunctiva (NEIBank). In contrast, lacritin is the sixth most common lacrimal gland transcript (64) and has been detected in the Meibomian gland proteome and by PCR in cornea (34) . Fleiszig et al. (65) suggested previously that tears offer epithelial protection from infection independently of its antimicrobial activity. Here we show that tears effectively substitute for the cornified barrier in skin, and lacritin may be the master protector.
Mutual interaction of lacritin C and syndecan-1 N termini is important for survival. However, not all lacritin C-terminal point mutants shared survival and syndecan-1 binding activities. I98S and F104S lacritins were partially or completely inactive but displayed no altered affinity for syndecan-1 (24). Conversely, I73S lacritin failed to bind syndecan-1 (24) but was fully active. We suggest that each might interact with a second cell surface protein. Mitogenic signaling and autophagic stimulation by lacritin are pertussis toxin (26)-and MK912 3 -inhibitable, respectively, suggesting involvement of a G-protein-coupled receptor, possibly the ␣ 2c -adrenergic receptor. siRNA knockdown and binding, 4 but not ␤-annexin-dependent reporter, 5 studies support this possibility, although prior coupling of ␣ 2c -adrenergic receptor with a peptide or protein agonist has not been demonstrated. It was also noteworthy that the novel C-terminal domain (lacritin I3) of the lacritin-c splice variant was completely inactive and thus if differentially upregulated would not benefit the eye. Thus, although cell surface binding may involve more than just syndecan-1, both survival and cell targeting require lacritin hydrophobic residues Leu 108 -Leu 109 -Phe 112 as a suitable binding face for the latent GAGAL domain of syndecan-1 (24) . This emphasizes the importance of the unique heparanase-dependent targeting mechanism of lacritin that by exposing GAGAL transforms a ubiquitous cell surface proteoglycan into a localized lacritin-binding protein (25) necessary for survival when cells are stressed or mitogenesis (26) when not.
Characteristics of lacritin-accelerated autophagy are novel and informative. Diminished levels of detectable LC3-II might be interpreted as inhibition of autophagy as is the case for cardiotrophin-like cytokine factor 1, FGF2, insulin-like growth factor 1, leukemia inhibitory factor, and SDF1 (CXCL12) in stressed or non-stressed cells (37) that signal through PI3K to activate mTOR. However, lacritin mitogenic mTOR signaling (26) is suppressed by IFNG/TNF stress. In the context of sudden increased autophagic flux (indicated by double tagged LC3 and accumulation of LC3-II with leupeptin), it appears that generation of LC3-II is rate-limiting and exceeded by degradation in keeping with the progressive decrease of EGFP-detected LC3 with lacritin addition.
Most studies follow autophagic flux for hours or a day in which inhibitors leupeptin, vinblastine, and E64D (37) are introduced to accumulate LC3-II as a measure of increased autophagic flux (66) . That autophagy was initiated apparently within 1 min was made possible by the rapidity of lacritin-stimulated FOXO3 acetylation and associated coupling with ATG101 and LC3 recruitment of Alfy and p62 (as well as their cargo). shRNA depletion validated the importance of FOXO3 and ATG101, although much yet remains to be learned about their interactions.
Within the short times examined, for example, lacritin enhanced the level of detectable p62, whereas p62 is degraded over hours or a day of autophagy (66) . Enhanced p62 may represent exposure of sequestered p62 whose availability might elevate the capacity for polyubiquitinated protein capture and degradation by autophagy and possibly by the proteasome with which p62 interacts (67) . This might explain the differing kinetics of LC3/p62-and p62-dependent capture. It is also possible that by elevating p62 lacritin might trigger NF-B survival signaling as previously noted for Ras (68) .
Growth factor-or hormone-stimulated autophagy is effective and widely relevant. Insulin-like growth factor 1 promotes the autophagic clearance of aggregated mutant huntingtin Gln 65 and Gln 103 proteins (Htt65 and Htt103Q, respectively) in normal HEK293 cells (43) . The adipocyte hormone and metabolic regulator leptin triggers autophagy in HeLa cells and in mouse kidney, liver, heart, and muscle (66) . IL-1␤-induced autophagy kills Mycobacterium tuberculosis in infected macrophages over 2 h (69). Thyroid hormone increases fatty acid oxidation in an autophagy-dependent manner (70) . However, their kinetics appear to be initially slower than that of lacritin, and none are transient. Transiently stimulated autophagy appears to be efficient and effective. It is possible that lacritin may stimulate autophagy in a pulsatile manner as tears are continually replenished on stressed eyes.
Stress appears to be a prerequisite for lacritin-stimulated autophagy. This principle is most clearly evident in cells co-expressing mutant huntingtin proteins Htt103Q (toxic and stressful) or Htt25Q (not toxic) with double labeled LC3. Were this not true, epithelia in contact with lacritin would be constitutively in an autophagy-stimulated state. Stress readies FOXO1 by acetylation (5) . That ligation with ATG7 is dependent on lacritin suggests an "on switch" for lacritin-dependent autophagy. AKT phosphorylation of FOXO1 is a likely mechanism because lacritin activates AKT1 (v-akt murine thymoma viral oncogene homolog 1). 3 AKT is constitutively active in the HCT116 colon cancer cells in which FOXO1-ATG7-stimulated autophagy was originally described (5). By diverting damaged or aggregated proteins and organelles into autophagosomes, autophagy through proteolysis feeds cellular and mitochondrial metabolism (49) . Lacritin-stimulated autophagy restored basal oxygen consumption and spare respiratory capacity to prestress levels within minutes. Eight minutes is the estimated half-life (71) for autophagosomes, and complete degradation and delipidation of autophagosomal LC3 require 30 min (42) with protein degradation first detectable within 10 min (72) . Thus, degradation may be sufficient to restore oxidative phosphorylation in keeping with the abrogation of lacritin-stimulated mitochondrial fusion by shRNA knockdown of ATG7, although other more direct mechanisms are possible. Taken together, we describe lacritin as a novel regulator of homeostasis that rapidly diverts ubiquitinated proteins into the autophagosomal pathway and restores oxidative phosphorylation.
